Developing a surface with low Secondary Electron Yield (SEY) is one of the main ways of mitigating electron cloud and beam-induced electron multipacting in high-energy charged particle accelerators. In our previous publications, a low SEY< 0.9 for as-received metal surfaces modified by a nanosecond pulsed laser was reported. In this paper, the SEY of laser-treated blackened copper has been investigated as a function of different laser irradiation parameters. We explore and study the influence of micro-and nano-structures induced by laser surface treatment in air of copper samples as a function of various laser irradiation parameters such as peak power, laser wavelength ( = 355 nm and 1064 nm), number of pulses per point (scan speed and repetition rate) and fluence, on the SEY. The surface chemical composition was determined by x-ray photoelectron spectroscopy (XPS) which revealed that heating resulted in diffusion of oxygen into the bulk and induced the transformation of CuO to sub-stoichiometric oxide. The surface topography was examined with high resolution scanning electron microscopy (HRSEM) which showed that the laser-treated surfaces are dominated by microstructure grooves and nanostructure features.
INTRODUCTION
In high intensity particle accelerators with positively charged beams such as the LHC [1, 2, 3] , KEKB [4] , DAFNE [5] , RHIC [6] , PEP=II [7] , etc., the beam induced electron multipacting (BIEM) and electron cloud (e-cloud) effects can significantly affect the quality of the beam and machine operation [8, 9] . E-cloud was first observed on the proton/antiproton collider VAPP in the Budker Institute of Nuclear Physics in 1965 [10, 11] . After more than 50 years since the first observation, the e-cloud remains a potential problem for many high intensity machines, thus the e-cloud has been studied for ILC [12] and is being investigated for the HL-LHC [13] and the FCC [14] . The initial electrons may appear due to synchrotron radiation producing photoelectrons or beam induced residual gas ionisation. These electrons can be accelerated up to several hundreds of eV in the electric field of the passing bunch. On colliding with the chamber wall, they will in turn produce further secondary electrons. This amplification leads to the build-up and dissipation of an electron cloud (e-cloud) along the beam path. E-cloud can affect the operation and performance of high energy charged particle accelerators in a variety of ways. It can induce increases in emittance, beam instability, vacuum pressure, beam losses, reduction in the beam lifetime, or additional heat loads on a (cryogenic) vacuum chamber. In RF wave guides, electron multipacting limits their lifetime and causes power loss, whereas in detectors the secondary electrons define the signal background and reduce the sensitivity.
It has been shown both theoretically and experimentally [3] that the e-cloud density build-up depends on the SEY function (E) and to minimize the effects of e-cloud, the max value should be less than a certain threshold value, but in most cases max < 1 would be a sufficient condition [3, 15] .
Since the secondary electron yield is influenced by the wall material, surface chemistry, topography and electron energy, any deliberate mitigation mechanism is based on engineering the first three of these parameters. There are a few ways of reducing the SEY:
(a) Choice of material with low SEY (for example, Cu has lower SEY than Al); (b) Modifying surface geometry (e.g. making grooves) [3, 16] ; (c) Coating with low SEY materials (such as TiN [17] , NEG [18] and amorphous carbon (a-C) [19] ); (d) Coating with low SEY microstructure (ex.: copper black, gold black; columnar NEG) [20, 21, 22] ; (f) Various combinations of above.
Recently, a low SEY< 0.9 for as-received metal surfaces modified by a nanosecond pulsed laser was reported for the first time by Valizadeh et.al. [23, 24] . Further development of this surfaces led to even lower value of SEY <0.6 [25] . In comparison with other technologies for currently used surface engineering the laser treatment has a few advantages:
The equipment is simpler;
There is no need for vacuum or clean room facilities;
Hierarchical structures containing both micro-and nanostructures can be created in a single laser treatment process; thus, the process is efficient;
Surface modification is performed through a beam of light and thus contactless.
This work was focused on studying the influence of micro-and nano-structures induced by laser surface treatment in air of copper samples as function of various laser irradiation parameters such as peak power, laser, number of pulses per point (scan speed and repetition rate) and fluence, on the SEY.
EXPERIMENTAL

Sample preparation
Laser treated samples
The samples were made of commercially available rolled, electro-polished oxygen-free copper (Cu) with high purity of 99.999% and thickness of 1 mm, 50 and 100 μm. Prior to laser exposure the samples were degreased. The samples were washed with acetone and then were irradiated by pulses of a Nd:YAG laser with different pulse durations operated at basic IR and third harmonic UV wavelength (1064 and 355 nm) and various repetition rates ranging from 2.5 to 100 kHz. In all cases the laser beam had a Gaussian intensity profile and was focused on to the substrate surface using a flat-field scanning lens system. The diameter of the focused laser spot on each substrate between the points where the intensity has fallen to 1/e 2 of the central value was set at 25 m for = 1064 nm and 15 m for = 355 nm. The laser beam spot was scanned by galvanometric scanner across a 15 mm 15 mm sized area of the substrate. The pulse number reaching a given spot area was determined by varying the scanning speed, pulse repetition and the beam diameter. The laser fluence was varied between 2 and 154 J/cm 2 . All the samples were irradiated in air at atmospheric pressure and at room temperature. Six sets of different laser parameters were used for this study shown in Table 1 . The samples used in this study are summarised in Table 2 . 
Powder samples
The laser-treated surfaces have a microstructure and a nanostructure. In an attempt to explain the influence of laser treated surface on the SEY, copper powder was compacted on test samples. The powder was Goodfellow CU006024 and was stated to have a maximum particle size of 5 μm and being spherical.
Sample 10 was a 1 mm thick layer of 5 μm copper powder on a stainless steel substrate. The powder was held in place using a 1 mm thick stainless steel wire that had been spot welded onto the sample holder shown in Fig. 1(a) . Sample 11 was a thinner layer of the Cu powder. It was prepared by putting some of the powder into an acetone filled petri dish. The sample holder was then placed into the acetone and the petri dish was 'swirled' manually, a layer of powder was formed on the copper sample plate. This formed a thin layer of copper powder of few layers as shown in Fig. 1 (b) , its thickness is estimated to be less than 10 μm. 
A facility for SEY studies
A dedicated facility was designed, built and operated for SEY studies. The facility consists of three chambers as shown in Figure 2 : a load-lock chamber, the SEY measurement chamber, the surface treatment and analysis chamber. After placing a sample into the load lock chamber, it was pumped there for at least 12 hours using a 210 l/s turbo-molecular pump (TMU 261, PFEIFFER Vacuum). The pressure of 2×10 -7 Pa, measured using an MKS Pirani and inverted magnetron gauges, is routinely reached after overnight pumping from atmosphere. The sample is then transferred into the UHV SEY measurement chamber. The SEY measurement chamber is equipped with a combined NEG and sputter ion pump (NEXTORR® D100-5, SAES Getters), which enables a pressure of 2 10 -8 Pa without electron bombardment and of (2-5) 10 -7 Pa during electron bombardment. The pressure is measured using a Leybold extractor gauge.
The schematic layout of the SEY measurements is shown in Figure 1 where I s is the secondary electron current (including both elastic and inelastic processes) measured at the sample, I F is the current on the Faraday cup and I P is the primary beam current. In these experiments the net current at the sample biased at -18 V and the Faraday cup at ground potential were measured with two current amplifiers (Keithley 6517A and Keithley 6485, accuracy ±0.01%). As the SEY is very sensitive to the electron dose, the total electron dose during the SEY measurements, as a function of primary energy,
was not allowed to exceed 10 -6 C mm -2 . The accuracy of the SEY measurements was estimated with root mean square deviation procedure to be within 0.1% for primary electron energies between 80 and 1000 eV, however the repeatability of SEY for the same sample over different area of the sample lies within ±2.5% which could be explained by small non-uniformity of the surface topography of studied samples.
After SEY measurements the sample can be transferred to the surface treatment and analysis chamber which is equipped with a flood gun (AG 31F, VG) used for electron conditioning (electron energy 485 eV and the accuracy of the electron dose was within 10%), an argon ion gun (PSP, ISIS 3000) with energy of 1.5 keV for surface etching and a sample heater which allows sample heating up to 300 C. In addition the sample surface composition and chemical bonding energies can be analysed using an X-ray source and an electron energy analyser. XPS measurements are carried out using a hemispherical analyser fitted with a five channeltron detector. Power supplies are for the spectrometer a PSP Resolve Control and, for the detectors, a PSP #705. The spectrometer was operated at 20 eV pass energy at all times and the angle between the X-ray source and electron analyser is 70 degree. Photo-electrons are excited by nonmonochromatic Al Kα X-ray source (hv = 1463 eV) using VG twin anode, the Al anode used at all times operated at 10 keV, 20 mA.
The surface treatment and analysis chamber is equipped with a 340 l/s turbo-molecular pump (Leybold 340M) and 1000 l/s getter pump (CapaciTorr® D-1000 Pump, SAES Getters). The base pressure of about 10 -7 Pa measured by a Leybold extractor gauge and the residual gas composition was monitored using a residual gas analyser (RGA, VG Thermo, VGQ).
The typical experimental procedure may involve SEY measurement of the as-received sample followed by XPS measurement, conditioning using the diffuse-beamed electrons from the flood gun, ion bombardment or thermal treatment, followed by another XPS measurement and another SEY measurement, etc.
RESULTS:
The surface topography of the samples 2-6 was examined using high resolution scanning electron microscopy (HRSEM, model JEOL 7001F FEG SEM). Treatment of copper using the first laser system (λ = 355 nm) resulted in creation of three different scales structures as presented in Fig. 3: microstructure grooves ranging from 8 to 100 μm deep, coral-like submicron particles superimposed on the grooves which is made of agglomeration of nano-spheres. As can be seen from the cross-sectional SEM micrographs in Fig. 3 on the right, as the scan speed increases the depth of grooves decreases which should be expected since the number of shots per line decreases, however the superimposed submicron and nanostructures remain the same throughout the range of scan speeds (see Fig. 3 ) and more detail of the submicron and nanostructure is shown in a micrograph in Fig. 3 (middle) , which is the same for these five samples. The depth of the groove and the SEY value at low and high primary electron energy for the respective scan speed are summarised in Table 3 . The SEY of Samples 2-6 is shown in Fig. 4 as a function of primary electron energy, (E p ), for the five different scan speeds. These results were obtained after placing the samples in vacuum followed by ten hours of pumping without any treatment, described later as 'as-received samples'. It shows that besides the 180 mm/s scan speed condition in all other cases for the as-received samples the SEY remained below 1.
Typically, SEY as a function of primary energy follows the same trend as shown in Fig. 4 for the untreated Cu (Sample 1). The SEY is below 1 at low values of primary electron energy (~10 eV) and increases steadily to rise above 1 at an energy typically E 1 = 80 eV and then reaches a maximum value 2 < max < 3 at
an energy E max ranging between 200 to 300 eV. It then follows a steady decline to below 1 at higher E p. In The XPS Cu2p region spectra of Cu for the as-received sample (30mm/s) is shown in Fig. 5 . It can be seen that the Cu at the surface is in CuO oxide state. This is evident (a) by the presence of the high intensity Cu
eV kinetic energy shown as inset in Fig. 5 . Also, in all cases no carbon peak was observed. Table 1 . Where Fig. 6 shows the low resolution image which is similar for both conditions and Fig. 7 shows the difference between them at higher resolution. In both cases the surface consists of a shallow microgrooves, sub-microstructures resembling volcanic sponges covered with nanosize wire/filament/fibre like structure. The SEY as a function of primary electron energy of these surfaces are shown in Fig. 12 . In both cases the trend of the SEY curve has reverted back to the universal SEY curve of untreated metal surfaces where the goes through a maximum following the sharper rise at primary electron energies E p < E max and a slower fall at E p > E max as shown in Fig. 12 . The value of over the full range primary electron energy is 10% lower for the higher scan speed (120 mm/s) which had deeper grooves (25μm as compared to 8 μm)
after being irradiated with laser = 355 nm. The max is 1.63 and 1.42 for 180 and 120 mm/s scan speed, respectively. The features in question are the flattening of the curve at energies between 400 and 1000 eV, it is shown that for some of the laser treated samples the SEY is increasing even at 1000 eV. 
DISCUSSION
The principal application of this work is e-cloud and BIEM mitigation in a particle accelerator beam chamber. Thus, the most relevant results for this application correspond to primary electron energies comparable to those electrons impinging on accelerator beam chamber walls which are limited by two factors:
-Most of the photoelectrons are emitted at 10-20 eV and electrons with energies near the critical energy of synchrotron radiation.
-The secondary electrons can gain additional energy by acceleration in the beam potential, this energy is limited by the beam parameters.
The results of measurements reported in the literature show that energy of electrons impinging on the beam chamber is not greater than 600 eV in the LHC [26] and SPS [27] , and not greater than 500 eV in RHIC [18] . The material parameters influencing the SEY are the penetration depth of the primary electron, the stopping power, the escape depth of the secondary electrons, the atomic number Z and, to a lesser extent, the work function [28] . It has been shown that the first crossover energy (where the SEY increases above 1) is strongly dependent on the surface properties whereas the energy at maximum yield is entirely controlled by bulk properties [29] . The escape depth for the true secondary is about 50 nm [30] , so in order to decrease the SEY of an existing material using any of these parameters becomes a very difficult task and it has only been achieved by coating with a low SEY material [31] . The alternative method to lower the SEY is to trap the secondary emitted electron via the surface geometry such as high aspect ratio grooves [32] and surfaces covered by thin films [33] .
The results presented in this study show that the SEY of copper plate as a function of primary electron energy can be reduced from 1.9 to below 1 by a Laser Ablation Surface Engineering (LASE) technique under a number of certain conditions. During the laser treatment the laser irradiation leads to material removal (e.g., ablation) and eventually to the formation of micro-, submicron and nano-structures. In our earlier work the main emphasis was put on microstructures (pyramids and grooves) [23] , but the results presented above demonstrated the importance of submicron and nano-structures. As can be seen in the SEM images in this study, LASE has induced the grooves with tens of microns depth (microstuctures) and the groove walls are covered with submicron and nano-spheres or/and nano-wire structures.
The mechanism of laser ablation depends on material properties, laser properties, the environment and experimental parameters and is well described in the literature [34] . Two parameters were found to be crucial in forming these structures, the threshold value for ablation and the surface reflectivity. These two are closely linked as the threshold of ablation depends highly on the material reflectivity. Polished copper, which is highly reflective has a high threshold of ablation, however, once the surface ablation commences the pulse energy required is lowered as the losses through reflection are reduced because the structures in the material are formed, largely trapping the light rather than reflecting it. In our study, knowledge of the threshold fluence and the underlying ablation mechanism was found experimentally by producing a quick matrix by changing scan speed and the repetition rate. These produced visually black or dark surfaces. 7 ) and SEY trend as a function of primary electron energy (see Fig. 8 ). The importance of this result is that it demonstrates that these surfaces can be achieved with different laser wavelengths; this can be very important in scaling up of this technology. The main difference between Samples 2 and 3 (before the second laser treatment shown in Fig. 2 (a) and (b)) and Samples 2* and 3* (after the second laser treatment shown in Fig. 11 (a) and (b) ) is the disappearance of the submicron and nano-spheres, while the grooves are still present. Therefore, it has been shown that the removal of submicron and nano-spheres structure leads to SEY increase. Another important point that needs to be taken into consideration is that LASE was carried out in air which led to creation of copper oxide. The surface chemistry of the post laser irradiation was examined using XPS and showed the presence of the Cu 2+ broad peak (shake up satellite) at binding energy of 943 eV.
Also, in all cases no carbon peak was observed. It is well known that the oxides of metals produce high SEY due to the increase of the escape depth of the generated electron because of reduction in number electronelectron interactions [36, 37] . However, even in this condition with the surface in an oxide state the SEY stays below 1 due the multiple trapping sites of the grooves and the possible reduced density of the submicron structure and nano-spheres which can have sizes very similar to the escape depth (50 nm) and the shadowing effect of adjacent submicron and nanostructures.
The results obtained in this study overwhelmingly demonstrate that LASE is a very versatile technology for the reduction of the SEY of copper surfaces and it is foreseen to be very easily scalable. In application to particle accelerators the technology for e-cloud mitigation should include not only the SEY reduction but also should keep surface impedance as close as possible to the untreated surface. It was shown previously [25] that the surface impedance increases significantly with depth of grooves, therefore in the LASE optimisation for low SEY surfaces the depth of grooves should be reduced and reduction of SEY would be obtained with submicron and nano-sphere structures.
Although LASE can reduce SEY quite effectively, it creates a lot of particles during ablation, the majority of which are welded into the surface in the following cycle. Great care must be taken to either blow or extract, by vacuum cleaner, the excess particulate during or after processing. Another possible way of mitigating loose particles could be a post laser irradiation with pulse fluence below the ablation threshold to weld any remaining particles.
In our first paper on the discovery of LASE surfaces for e-cloud mitigation we have shown the importance of microstructure grooves and pyramids [23] . In this work we have demonstrated that submicron and nanostructures also play an important and significant role in suppression of SEY and that various lasers can be used to produce these submicron and nano-structures. However, this study opens the door to many question such the SEY for primary electrons with energy below 60 eV [38] , the energy distribution of secondary electrons for all ranges of primary electron energies and the effect of surface composition. Therefore a lot of work should be done to answer these questions.
It was shown above that lasers with various parameters can produce the desired surfaces with submicronand nano-structures. Only two nanosecond lasers were used in this study, however is know from the literature that LASE can be also produced with fs lasers [39, 40] . The SEY study of such surfaces remains a subject of future publications.
CONCLUSION
Laser ablation surface engineering is a promising method of reducing SEY below 1 with the aim of eradicating e-cloud and electron multipacting by the formation of organised surface micro-and nanostructures. Laser processing parameters can be easily adjusted resulting in a great variety of possible structures.
It has been demonstrated that not only microstructure (grooves) but the nano-structures as well are playing a role in reducing SEY. It was found that the most efficient nano-structures for SEY reduction is submicron and nano-sphere structures, which allows one to keep SEY<1 even at much reduced groove depth.
It was also demonstrated that these surfaces can be produced using various lasers with different wavelength, such as =355 nm and =1064 nm, with optimised laser parameters such as pulse length, repetition rate, power, fluence, beam size, scan speed and distance between scanned lines. 
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